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First-principles theoretical investigations of the noncollinearity of atomic spin moments in manganese clusters have been carried out within a gradient-corrected density-functional approach. Our studies on Mn5 and
Mn6 include investigation of both collinear and noncollinear arrangements. It is shown that while the atomic
structure of the ground state of Mn5 is a triangular bipyramid, the collinear and noncollinear arrangements have
comparable energies and hence are degenerate. For Mn6, while the ground state has a square bipyramid
arrangement, the noncollinear configuration is most stable making it the smallest cluster to feature a noncollinear ground state. The results are discussed in view of the recent experimental Stern-Gerlach profiles.
DOI: 10.1103/PhysRevB.72.014435

PACS number共s兲: 75.75.⫹a, 75.50.Gg, 81.07.⫺b

I. INTRODUCTION

Atomic clusters containing two to a few thousand atoms
provide a bridge between the free atoms and the bulk. Extensive research over the past 20 years has shown that properties of small clusters can be significantly different from the
bulk.1 One of the key questions, then, has been to determine
the size at which the bulk features first appear in clusters.
The answer, of course, depends on the property and one of
the properties that has attracted considerable interest is the
magnetic behavior.2 It is now known that small clusters of
itinerant bulk ferromagnets like Fe, Co, and Ni are
superparamagnetic,3–5 while atoms in small clusters of otherwise nonmagnetic solids like Rh have finite spin moments
coupled ferromagnetically.6,7 From the magnetic standpoint,
an interesting metal that has attracted attention is manganese.
Mn atom has an electronic configuration of 3d54s2 and a
high spin moment of 5B due to filled d subshell.8–10 The
unfilled d states are about 2.14 eV above the filled states and
hence the atomic moment is fairly resilient to minor changes.
This is partly why Mn maintains its moment in doped semiconductors and they exhibit ferromagnetism.11 Apart from
atom, the magnetic properties of bulk Mn are equally fascinating. For example, ␣-Mn exhibits a complex antiferromagnetic 共AF兲 order below the Néel temperature of 95 K and is
nonmagnetic 共NM兲 at room temperature.12 The unit cell in
the crystal has a large size of 58 atoms. Recent theoretical
studies by Hobbs et al.13 indicate that the magnetic state of
␣-Mn has a noncollinear 共NCL兲 ground state. In a follow-up
paper, Hafner et al.14 showed that ␤-Mn also has a stable
NCL magnetic configuration even though the ground state is
weakly ferrimagnetic. Both of these results are in good
agreement with available experiments. In contrast to the
bulk, Mn3 and Mn4 clusters are proposed to be ferromagnetic
with total moments of 15 and 20B, respectively.8,9 This
raises the question that if the atomic moments are ferromagnetically coupled in clusters of three and four atoms, and if
the bulk is characterized by NCL arrangement, then what is
1098-0121/2005/72共1兲/014435共4兲/$23.00

the smallest cluster that features a NCL ground state?
In this paper we present the investigations of NCL arrangement in Mn5 and Mn6 clusters within the densityfunctional formalism. Our interest in these clusters is partly
motivated by the recent Stern-Gerlach experiments.15 In
these experiments, the clusters in a beam are passed through
a gradient magnetic field that tries to orient the moments as
well as deflect them. For the case of Fen , Con, or Nin clusters,
the beam undergoes a net deflection upon application of the
gradient fields. For Mn5 and Mn6, however, the observed
deflection profiles do not exhibit any net deflection but simply broaden with increasing gradient field. The absence of a
net deflection could be accounted by a weak ferromagnetic
or antiferromagnetic coupling between the atomic spins. Our
studies, here, focus on two issues. First, starting from a collinear ferromagnetic coupling in Mn3 and Mn4, does the
magnetic coupling remain collinear as we go to higher sizes?
If not, what is the smallest size at which the NCL state becomes the ground state? It is interesting to note that the NCL
arrangements can also be looked at from the perspective of
frustration. It is known that in systems marked by antiferromagnetic coupling between the near neighbors and having
geometries with odd member rings, a collinear arrangement
can lead to frustration.16 The lowest-energy configurations
exhibit degeneracy and the system lacks a well-defined
ground state. The inclusion of NCL arrangements can remove this degeneracy and lead to a well-defined ground
state. The purpose of this paper is to explore these issues.
Indeed, we show that while the ground state of Mn5 has a
collinear arrangement of spins, Mn6 is the smallest cluster to
exhibit a NCL ground state.
II. CALCULATION METHODOLOGY

The theoretical studies were carried out within a generalized gradient approximation 共GGA兲 for the exchange and
correlation17,18 within a density-functional theory.19,20 The
NCL spin calculation was performed within a projected aug-
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mented wave-function 共PAW兲 formalism21 as implemented22
with the Vienna ab initio simulation package 共VASP兲.23
In brief, in this approach for NCL spin calculation, KohnSham orbitals is expressed by spinors
⌿i共r,s兲 =

冉 冊
⌿i␣共r兲

⌿i␤共r兲

共1兲

,

where i is the index of occupied orbital and ␣ , ␤ are the spin
indices. The density matrix n is made from Eq. 共1兲, i.e.,

n=

冉

冊

n␣␣ n␣␤
=
n␤␣ n␤␤
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冣

.

共2兲

Using this n, we can obtain the equivalent magnetization
density,

ជ 共r兲 = Tr共nជ 兲 = „Tr共nx兲,Tr共ny兲,Tr共nz兲…,
m

共3兲

where x , y, and z are the Pauli spin matrices. The
exchange-correlation energy is defined with this magnetization density and the total charge density, nTr = n␣␣ + n␤␤ as
outlined below,
EXC关n兴 =
=
=

冕
冕
冕
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eV 共24.8 Ry兲. The geometry and the spin orientations were
optimized.

共4兲

ជ 共r兲兩 can be
In Eq. 共4兲, ␦EXC关n兴 / ␦ntr共r兲 and ␦EXC关n兴 / ␦兩m
transformed and calculated from the equations used in the
conventional collinear spin calculation. As seen in Eq. 共3兲,
ជ 共r兲兩 has not only n␣␣ and n␤␤, but also n␣␤ and n␤␣.
the 兩m
Therefore the exchange-correlation potential made from EXC
can be divided into diagonal and off-diagonal parts. Using
␣␣
␤␤
␣␤
and VXC
for the diagonal part, and VXC
and
the notation VXC
␤␣
VXC for the off-diagonal part, the Kohn-Sham equation is
finally written as
␣␣
− 21 ⵜ2 + Vee + Vext + VXC

FIG. 1. 共Color online兲 Various starting configurations of the
atomic spins for determining the ground state of Mn5. The bond
lengths are in Å and the local atomic moments are in B.

冊

共5兲

where Vee is the Coulomb potential between electrons and
Vext is the external potential.
As mentioned above, we used the VASP4.6.12 共Ref. 23兲
package to carry out the actual calculations. The exchangecorrelation effects were included via the GGA. To study finite system such as Mn5 and Mn6, we used the supercell
approximation where the cluster occupies the central position
within the cell. To avoid interactions between clusters in
neighboring cells, we chose a large supercell of size 15 Å.
Further, the cutoff energy of the plane wave was set at 337.4

III. RESULTS AND DISCUSSION

Before we present our calculations, let us briefly review
the recent studies on Mn5. Jones et al.10 have investigated the
magnetic arrangement in Mn5 looking into collinear arrangements. They find that the ground state has a distorted triangular bipyramid arrangement. The local atomic moments are
antiferromagnetically aligned and the cluster has a net magnetic moment of 3B. They also found that magnetic arrangements of the atomic spin moments that lead to total
moments of 13 and 20B are only 0.02 and 0.09 eV above
the ground state and have only minor changes in the bond
lengths. Bobadova-Parvanora et al.9 have studied the antiferromagnetic ordering in Mnn clusters and find a similar
ground state as Jones et al.10 Fujima24 has investigated the
effect of noncollinearity in Mn5 using a local-density functional. He, however, did not optimize the geometry but simply studies NCL for various bond lengths in a triangular
bipyramid arrangement.
In this work, we started our investigations of NCL arrangement by assuming triangular bipyramid geometry with
different spin arrangements as the initial guess 共the square
pyramid was found to be higher in energy兲. Further, we
started with three types of collinear spin configurations as
shown in Fig. 1, i.e., ferromagnetic 共FM兲 关Fig. 1共a兲兴 and two
ferrimagnetic 关Figs. 1共b兲 and 1共c兲兴 as initial guesses. These
were motivated by the ground states obtained by Jones et al.
We also included a spiral configuration 共SP兲 关Fig. 1共d兲兴 to the
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FIG. 3. 共Color online兲 Various starting configurations of the
atomic spins for determining the ground state of Mn6. All structures
are the same, and the unit of the bond length written in 共a兲 is Å. The
magnitudes of the local atomic moments are all 4.0B as written in
共a兲.
FIG. 2. 共Color online兲 Various minimum-energy configurations
obtained by starting from different initial configurations in Fig. 1.
The bond lengths are in Å and the atomization energies 共eV兲 are
listed below each structure. Also given are the local atomic moments 共B兲 and the total spin moment.

initial guess. Hobbs et al.22 had previously shown that such
an arrangement is metastable for Cr5 and has an energy close
to the ground state. In all cases, the geometry and the spin
arrangements were optimized. For FM and two ferrimagnetic
configurations, the collinear spin calculation was also carried
out for a comparison with NCL. The results of these investigations are shown in Fig. 2. In these results, FM, and ferrimagnetic arrangements 关Figs. 1共a兲–1共c兲兴 do not show drastic changes in their structures comparing with the results of
the collinear spin calculation. In fact, they have almost the
same configurations, atomization energies, and net magnetic
moments as those obtained in a corresponding collinear calculation in spite of the inclusion of the NCL effects. The
initial SP configuration 关Fig. 1共d兲兴, however, changed to the
configuration shown in Fig. 2共d兲. In this configuration, all
atomic moments can be moved to lie in the same plane.
Hereafter, this configuration will be called coplanar 共CP兲.
Figure 2 also shows the atomization energy of various arrangements and the local magnetic moments at the various
sites. The atomization energy 共A.E.兲 is defined as
A . E . = 关nE共Mn兲 − E共Mnn兲兴,

the structure. He calculated the magnetic configurations for
various Mn– Mn bond lengths and showed that the direction
of each atomic moment in Mn5 changes with size within the
same plane. He also showed that when the Mn– Mn bond
length is changed to 80% of its bulk values, the CP magnetic
configuration changes to ferrimagnetic configuration in Fig.
2共c兲. Combined with the present results, these studies indicate that the atomic moment in Mn5 can change their directions easily in the same plane. This conclusion supports the
earlier view of Jones et al.10
For Mn6, the recent studies predict a square bipyramid
ground state. Investigations by Jones et al. using a collinear

共6兲

where E is the total energy of the respective atoms/ clusters.
Note that the ground state is a ferrimagnetic collinear configuration suggested by Jones et al. However, almost degenerate with this is a noncollinear state. Within the accuracy of
the calculation, both states can be considered as ground-state
isomers. As mentioned before, Fujima also carried out the
NCL spin calculations on Mn5, although he did not optimize

FIG. 4. 共Color online兲 Various minimum-energy configurations
obtained by starting from different initial configurations in Fig. 3.
The bond lengths are in Å and the atomization energies 共eV兲 are
listed below each structure. Also given are the local atomic moments 共B兲 and the total spin moment.
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formalism indicate that the ground state has a spin magnetic
moment of 8.0B. States with moments of 16, 26, and 2B
are only 0.03, 0.03, and 0.06 eV above the ground state and
can be regarded as isomers. As before, the isomers obtained
by Jones et al. were adopted as the starting points. These
initial configurations were ferromagnetic 关Fig. 3共a兲兴 and
three ferrimagnetic 关Figs. 3共b兲–3共d兲兴. To these, we added a
spiral 共SP兲 configuration shown in Fig. 3共e兲 as initial
guesses. We carried out collinear spin calculation for the first
four systems to compare the results of NCL spin calculations
as we did for Mn5. The results are shown in Fig. 4. For
共a兲–共c兲, NCL spin calculation gave us almost the same atomization energy, net magnetic moment, and local atomic moments as those from collinear spin calculation. However, for
Fig. 4共d兲, the initial collinear arrangement changes to a NCL
configuration. The transition lowers the atomization energy
and enhances the net magnetic moment by 0.02 eV and
4.65B, respectively. We would like to add that even though
the moments are no longer collinear and have different magnitudes, the change is only minimal. More interesting is the
result of SP initial configuration. As shown in Fig. 4共e兲, this
configuration is more stable than any other configuration by
almost 0.2 eV. Note that although we started with a SP state,
the relaxed configuration is no longer spiral. However, this
configuration does have some order, i.e., atoms in each pair
located at opposite sites have almost the same atomic moments. Note also that while the initial configuration had zero
net moment, the optimized configuration acquired a net moment of 12.24B.
IV. SUMMARY

The present studies present a systematic investigation of
the magnetic transition and the appearance of NCL magne-
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